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esponsibility of ChinAbstract This paper presents a systematic study of newly developed metastable β-type Ti–25Nb–2Mo–
4Sn (wt%) alloy with high strength and low elastic modulus, with focus on the microstructural evolution
and mechanical behavior associated with aging. The pre-treatment (solution treatment or cold rolling)
prior to aging exerts substantial inﬂuence on the subsequent aging response including microstructural
evolution and mechanical behavior. Even under the same aging treatment, the aging products could be
(βþω), or alternatively (βþα), depending on the pre-treatments. This interesting aging response was
discussed on the basis of the mechanism for ω formation. High-density dislocation tangles and grain
boundaries induced by severe cold rolling play a key role in hindering the transition from β to isothermal
ω, favoring the precipitation of α phase on aging. By aging cold-rolled specimen for short time, superior
mechanical properties, i.e. high ultimate strength of ∼1113 MPa and low elastic modulus of ∼65 GPa,
achieved in Ti–25Nb–2Mo–4Sn alloy. The characterization of microstructural evolution and composi-
tional change indicated that the precipitation of ﬁne α does not cause the enrichment of β-stabilizers in β
matrix upon a short-time aging, guaranteeing low elastic modulus of the short-time aged specimen.
Meanwhile, ﬁne α precipitates as well as dislocations play a crucial part in strengthening, giving rise to its
high yield strength and high ultimate tensile strength.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.earch Society. Production and hostin
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ese Materials Research Society.1. Introduction
As crucial biomaterials for replacement implants, titanium and its
alloys have been attracting an increasing attention owing to their
light weight, high corrosion resistance, excellent biocompatibility
and good mechanical properties including low modulus [1–3].
For instance, the most widely used Ti alloy, (αþβ) type Ti–6Al–
4V, has an elastic modulus (∼108 GPa) only about half of that ofg by Elsevier B.V. All rights reserved.
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which are still popularly used today [4]. Nevertheless, the elastic
modulus of Ti–6Al–4V is not low enough to match that of human
bone (∼30 GPa), resulting in so-called “stress shielding effect”.
Additionally, the release of V and Al ions from Ti–6Al–4V can
lead to long-term health problems, such as Alzheimer disease,
neuropathy and osteomalacia [1]. Thus, in the past decades,
extensive efforts have been paid to develop non-cytotoxic meta-
stable β-type Ti alloys with low elastic modulus [5–7].
In addition to low elastic modulus, Ti alloys used for implants
should have high yield strength and high fatigue strength. The high
yield strength is necessary for the implants to meet the complex
stresses including tension, compression, bending and torsion
which are applied to the implants during the routine activities.
The high fatigue strength could guarantee the long-term service of
implants in human body [1,8].
In general, high yield strength and low elastic modulus are
supposed to be contradictory aspects for speciﬁc solid materials,
particularly for metals and alloys. In fact, recently developed
metastable β-type Ti alloys with low modulus usually possess
lower yield strength than that of (αþβ) type Ti–6Al–4V alloy
[4,5,9]. It should be noted that at the same yield strength level,
metastable β Ti alloys exhibit lower resistance to fatigue cracking
than (αþβ) dual-phase alloys [10]. In order to enhance the service
performances of metastable β Ti alloys for implant applications, it
is of particular importance to improve their yield strengths. For
this purpose, precipitation hardening is frequently employed
through aging treatment, while this treatment inevitably leads to
a concurrent increase in modulus. For example, when the yield
strengths of most of recently developed non-cytotoxic β Ti alloys
were enhanced to be comparable to that of Ti–6Al–4V alloy
(∼850 MPa), their moduli were simultaneously increased to a
relatively high level (75–100 GPa) [10–14]. Therefore, it is of
importance to develop metastable β Ti alloys with both high
strength and low modulus.
It has been recognized that the precipitation hardening of
metastable β Ti alloys can be accomplished by the formation of
α or isothermal ω (abbreviated as ωiso hereafter) precipitates in β
matrix on aging [15]. As is well known, ωiso is a detrimental phase
due to its high modulus and undesirable brittleness [16,17]. In
comparison to the alloys with (βþα) microstructure, the Ti alloys
with (βþω) microstructure perform with lower strength [10].
Consequently, in the development of β Ti alloys, much effort
has been devoted to suppress the deleterious ωiso phase and
develop the (βþα) microstructure, in hope of reaching a combina-
tion of high strength and low modulus in metastable β titanium
alloys [15,18].
It has been experimentally established that the formation of ωiso
phase can be hampered by alloying or thermo-mechanical treat-
ment [18–20]. Though oxygen is acknowledged to be an effective
alloying element in inhibiting the formation of ωiso phase, there is
a metallurgical difﬁculty in incorporating a large amount of
oxygen element into Ti alloys [19,20]. On the other hand, ωiso
tends to form during the aging at low or intermediate temperature.
With increasing aging temperature or extending aging time, α
phase can nucleate and grow at the expense of ωiso [18]. In this
case, though the detrimental ωiso phase could be eliminated, α
phase was apt to coarsen with increasing aging temperature or
aging time [18,21]. Actually, ﬁne α phase is favorable to enhance
the mechanical properties of metastable β Ti alloys, such as yield
strength and fatigue strength [22]. Therefore, as for metastable
β-type Ti alloys used for biomedical applications, long-term or/andhigh temperature aging is not the optimal approach to suppress the
ωiso phase because of performance deterioration caused by the
coarsening of α [21]. In this context, it is quite necessary to ﬁnd
out a solution to simultaneously achieve suppression of ωiso and
precipitation of ﬁne α. Obviously, this issue is of crucial
signiﬁcance for developing advanced metastable β Ti alloys with
high strength and low modulus.
In the present paper, a quaternary metastable β-type Ti–25Nb–
2Mo–4Sn (wt%) alloy was prepared with the aim to develop a
biomedical Ti alloy with high strength and low modulus. A
systematic study was carried out to investigate its microstructural
evolution and mechanical behavior, with a particular concern on
the aging response of the alloy under different pre-treatment
conditions.2. Experimental procedure
A metastable β-type Ti alloy with nominal composition of Ti–
25Nb–2Mo–4Sn (wt%, abbreviated as Ti-2524) was fabricated by
arc melting in an argon atmosphere using nontoxic high purity of
Ti (99.99%), Nb (99.95%), Mo (99.95%) and Sn (99.95%). The
ingot was re-melted four times and then homogenized at 1273 K
for 4 h in vacuum, followed by quenching into water (∼298 K).
The homogenized ingot was cold rolled to 1 mm thickness at a
reduction of 70% (CR). The CR specimens were solution treated at
1273 K for 1 h in an evacuated quartz tube, and quenched into
water (∼298 K) by breaking the quartz tubes (ST). Both the ST
and CR specimens were aged for 2 h at the temperatures of 673 K,
723 K, and 773 K, and then quenched into water. In order to
achieve an excellent balance of high strength and low modulus, the
CR Ti-2524 alloy was subjected to a short-time aging, i.e. aging at
748 K for 15 min followed by quenching into water.
X-ray diffraction (XRD) was performed using Cu Kα irradiation
operating at an accelerating voltage of 40 kV and a current of
200 mA. Uniaxial tensile test was conducted on an Instron-8801
testing system at a strain rate of 1 10−3 s−1. Tensile specimens
have a rectangular cross-section of 1 1.46 mm2 and a gage
length of 30 mm, with the rolling direction parallel to the loading
axis. To improve the accuracy of testing, a strain extensometer was
used to record the value of strain. Yong's modulus, yield strength
and ultimate tensile strength were determined from the stress–
strain curves. The microstructure observation and compositional
analysis were carried out on a FEI Quanta 200F transmission
electron microscope (TEM) equipped with energy dispersive X-ray
spectroscopy (EDS) operating at a voltage of 200 kV.3. Results and discussion
3.1. Microstructure and mechanical behavior of ST
and CR Ti-2524 alloys
XRD proﬁles of ST and CR Ti-2524 specimens are shown in
Fig. 1. It is clearly indicated that in addition to β matrix, a few of α
″ martensite could be detected in Ti-2524 specimen after solution
treatment at 1273 K for 1 h followed by water quenching,
suggesting that the martensitic transformation starting temperature
of ST specimen is slightly higher than the room temperature. This
can be attributed to the low content of β-stabilizers and resulting
low stability of β phase in the present alloy. In the case of CR
Fig. 1 XRD proﬁles of solution-treated (ST) and cold-rolled (CR)
specimens.
Fig. 2 Bright-ﬁeld micrograph and the corresponding selected area
electron diffraction (SAD) pattern of ST specimen.
Fig. 3 Bright-ﬁeld micrograph and the corresponding SAD pattern of
CR specimen.
Fig. 4 Tensile stress–strain curves of ST and CR specimens.
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α″ martensite. Additionally, the diffraction peaks ascribed to β(200)
and β(211) were signiﬁcantly depressed, indicating that cold rolling
deformation leads to an intensive texture in the CR specimen.
Fig. 2 shows the bright-ﬁeld micrograph and the corresponding
selected area electron diffraction (SAD) pattern of ST specimen. It
is clearly observed that lath-shaped α″ martensite was distributed
within β matrix. The presence of α″ martensite can be conﬁrmed
from the [110]β zone axis SAD pattern shown in Fig. 2, where the
reﬂections near the 1/2 {112}β positions are ascribed to α″ phase
[22,23]. In this pattern, no reﬂections arising from ω phase were
visible at 1/3 and 2/3 {112}β positions, suggesting that the
formation of athermal ω phase can be excluded during quenching.
The absence of athermal ω could be attributed to the alloying of Sn
element. Sn has been experimentally conﬁrmed to be an effective
alloying element in inhibiting the formation of ω phase [6,24].
The bright-ﬁeld micrograph and the corresponding SAD pattern
of CR specimen are shown in Fig. 3. In the bright-ﬁeld image, a lot
of irregular dark areas (stress contrast) caused by dislocation
tangles were observed. Obviously, these dislocation tangles can be
attributed to the severe cold rolling deformation. In addition, this
cold deformation led to a signiﬁcant grain reﬁnement, regardless of
the parent β phase or α″ martensite, as evidenced by the near-
continuous diffraction rings shown in the SAD pattern in Fig. 3.Fig. 4 represents the tensile stress–strain curves of ST and CR
specimens. In the case of ST state, notable “double yielding”
behavior was clearly observable. The ﬁrst yielding at ∼234 MPa
can be attributed to stress-induced α″ martensitic transformation
and the reorientation of martensite variants, and the second
yielding to the initiation of permanent plastic deformation [9,25].
In this situation, no signiﬁcant work hardening occurred
during loading, resulting in a relatively low ultimate tensile
strength of ∼485 MPa. This is in agreement with the previous
investigations that the metastable β Ti alloys in their ST
states performed relatively low tensile strengths [4,5,9]. It is
interesting to note that upon a severe cold rolling at a reduction
of 70%, the alloy was signiﬁcantly strengthened and an ultimate
tensile stress of ∼815 MPa was achieved. Combining with the
TEM observation shown in Fig. 3, this remarkable strengthening
effect could be ascribed to the interaction between ﬁne α″
martensite and dislocation tangles produced by cold rolling
deformation [26]. Additionally, the CR specimen performed a
remarkable non-linear elastic deformation behavior, exhibiting no
apparent yielding in the stress–strain curve. Previous experimental
study by the present authors has demonstrated that this non-linear
deformation behavior is closely involved in the stress-induced α″
martensitic transformation that occurred during tensile loading
[27].
Fig. 6 Tensile stress–strain curves of the ST specimens aged at
673 K, 723 K and 773 K for 2 h.
Fig. 7 XRD proﬁles of the CR specimens aged at 673 K, 723 K and
773 K for 2 h.
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pre-treatments
As described above, the CR specimen exhibited different micro-
structure from that of the ST specimen, especially in intensity of
dislocation and grain size due to severe cold rolling deformation.
In order to investigate the effect of the microstructure on
subsequent aging response, the Ti-2524 specimens with different
pre-treatments, ST and CR, were aged at the temperature between
673 K and 773 K for 2 h. For convenience, ST and CR specimens
subjected to aging will be subsequently referred to as aged ST and
aged CR specimens, respectively.
The XRD proﬁles of the ST specimens aged at different aging
temperatures for 2 h are shown in Fig. 5. With increasing aging
temperature from 673 K to 723 K and 773 K, the phase constitu-
tions of aged ST specimens were characterized as (βþωiso),
(βþωisoþα) and (βþα) phases. After aging treatments at these
temperatures no diffraction peaks ascribed to α″ martensite were
detected in the XRD patterns for all the aged specimens, indicating
that the martensitic transformation starting temperatures of the
residual β phases were dropped below the room temperature. Thus,
it can be concluded that the β-phase stabilities in all the aged ST
specimens were enhanced compared with that in the corresponding
ST specimen. This can be explained by the diffusion of β-
stabilizers in association with the microstructural evolution during
aging treatment. It has been known that the content of β-stabilizers
in ωiso or α phase formed under long-term aging is lower than that
in the corresponding β phase. During the precipitation of ωiso or/
and α phase, partial β-stabilizers will be repulsed into β matrix,
resulting in the enrichment of β-stabilizers in residual β phase
[16,22,28]. Therefore, the formation of ωiso or/and α phase on
aging at the above temperatures for 2 h gives rise to the
improvements of β-phase stabilities.
Fig. 6 represents the tensile stress–strain curves of the ST
specimens aged at temperatures of 673 K to 723 K and 773 K for
2 h. It is observed that upon aging treatments at these temperatures
the aged ST specimens exhibited similar “double yielding”
deformation behavior. This “double yielding” indicates that
stress-induced martensitic transformation takes place during load-
ing, and that the precipitation of ωiso or/and α on aging does not
lead to full stabilization of β phases. As a result, it is considered
that, under the aging conditions of the present study, the ST alloy
cannot be strongly strengthened by the precipitation of ωiso or/and
α because of the occurrence of stress-induced martensitic trans-
formation. Note that the elongation of the specimens aged at 673 KFig. 5 XRD proﬁles of the ST specimens aged at 673 K, 723 K and
773 K for 2 h.or 723 K was lower than that of the specimen aged at 773 K. In
combination with the XRD results shown in Fig. 5, the formation
of brittle ωiso precipitates could be responsible for the decrease in
the elongation [16,17].
In order to extract the inﬂuence of cold rolling on the aging
response of Ti-2524 alloy, CR specimens were subjected to the
same aging treatments as those for ST specimens. Fig. 7 shows the
XRD proﬁles of the CR specimens aged at 673 K, 723 K and
773 K for 2 h. By comparison with the aging response of ST
specimens, the phase constitutions of CR specimens aged at the
temperature ranging from 673 K to 773 K were characterized to be
(βþα) phases, irrespective of the aging temperatures.
It was reported that during the aging of β-type Ti alloys α phase
preferentially nucleates at some defects, such as dislocations and
grain boundaries [22]. As a matter of fact, high-density disloca-
tions as well as a large number of grain boundaries were produced
by the cold rolling deformation prior to aging treatments. There-
fore, it is considered that masses of dislocations and grain
boundaries are favorable to the formation of α phase, resulting
in a duplex (βþα) microstructure.
The tensile stress–strain curves of the CR specimens aged at
different temperatures for 2 h are shown in Fig. 8. Compared to the
non-linear deformation behavior for CR specimen prior to aging
(Fig. 4), all the aged CR specimens performed linear elastic
deformation behavior on tensile loading. This suggests that the
β phases in aged CR specimens are fully stabilized and no stress-
induced martensitic transformation takes place on tensile loading.
As mentioned above, the precipitation of α phase on aging could
Fig. 8 Tensile stress–strain curves of the CR specimens aged at
673 K, 723 K and 773 K for 2 h.
Fig. 9 TEM micrographs of the CR specimen aged at 673 K for 2 h:
(a) bright-ﬁeld micrograph and SAD pattern and (b) the SAD pattern
corresponding to the area marked by a circle, with [110]β zone axis.
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it seems incapable of stabilizing β phase against stress-induced
martensitic transformation on loading. Therefore, it is reasonable
to speculate that there exist other factors contributing to the full
stabilization of β phase, resulting in the linear elastic deformation
for aged CR specimens.
In order to clarify the relationship between microstructure and
deformation behavior in aged CR alloys, a typical CR specimen
aged at 673 K for 2 h was selected to investigate its microstructure,
and bright-ﬁeld micrograph and the corresponding SAD patterns
are shown in Fig. 9. It was observable from Fig. 9(a) that lenticular
α precipitates with several nanometers in width distribute in β
matrix (see white arrow). This is in agreement with the XRD result
shown in Fig. 7. In addition, numerous irregular dark areas, which
were caused by dislocation tangles introduced by the cold rolling
process, can still be observed. With reference to the SAD pattern
shown in Fig. 9(a), near-continuous diffraction rings reveal that the
grain size remained very small, suggesting that aging treatment
does not lead to signiﬁcant recrystallization. Previous investiga-
tions have shown that martensitic transformation can be sup-
pressed effectively by some structural factors, such as grain
reﬁnement and dislocations, because of the shear feature of
martensitic transformation [9,26,27]. Therefore, it is considered
that grain reﬁnement and dislocation tangles in CR specimen aged
at 673 K for 2 h play a key part in the stabilization of β-phase,
giving rise to linear elastic deformation on loading. Fig. 9(b)
represents a typical SAD pattern corresponding to the dark area
(marked by a circle in Fig. 9(a)). Analysis of SAD pattern
indicates that ﬁne α precipitates also exist in the areas of
dislocation tangles. Furthermore, the SAD patterns in Fig. 9(a)
and (b) did not reveal any extra diffraction spots arising from the ω
phase, suggesting that ωiso phase does not form, i.e. the precipita-
tion of ωiso is suppressed, in the CR specimen aged at 673 K
for 2 h.
Table 1 summarizes Young's moduli, yield strengths and
ultimate tensile strengths of the CR specimens aged at different
temperatures for 2 h. It is found that cold rolling and aging could
signiﬁcantly strengthen the metastable β-type Ti-2524 alloy. For
example, a yield strength of ∼1060 MPa and an ultimate tensile
strength of ∼1114 MPa were achieved in CR specimen aged at
673 K for 2 h. Combining with the microstructural observation
shown in Fig. 9, it is reasonable to conclude that the precipitation
of ﬁne α phase as well as the dislocations plays a crucial role in the
strengthening. The ﬁne α precipitates could pin the dislocations in
the β matrix and obstruct the dislocation motion, resulting in high
yield and ultimate tensile strengths of the CR specimen aged at673 K for 2 h. Along with this strong strengthening, the aged CR
specimens exhibited relatively low Young's moduli of ∼80 GPa.
This value is much lower than those of current widely used
biomedical materials, such as Ti–6Al–4V, CP Ti, 316L stainless
steel and Co–Cr–Mo alloy [1,4]. The experimental results of the
present study suggest that cold rolling and aging treatment could
be a promising approach to develop metastable β-type titanium
alloys with high strength and low modulus. As indicated in
Table 1, the yield and ultimate tensile strengths of CR specimen
aged at 773 K for 2 h were lower than those of CR specimens aged
at lower temperatures. This reduction in strength might be a result
of decreasing dislocation density and coarsening α precipitates in
the higher temperature aging process [21].3.3. Suppression of ωiso phase by dislocation tangles
and grain boundaries
As mentioned above, the pre-treatments prior to aging, i.e. ST or
CR, can exert substantial inﬂuence on the subsequent aging
response including microstructural evolution and mechanical
behavior. For example, even under the same aging conditions
(aging at 673 K for 2 h), the aging products of the ST and CR
specimens were recognized as (βþωiso) and (βþα) respectively, as
Table 1 Young's moduli, yield strengths and ultimate tensile strengths of the CR specimens aged at 673 K, 723 K and 773 K for 2 h.
Aging temperature (K) Elastic modulus (GPa) Yield strength (MPa) Tensile strength (MPa)
673 78 1060 1114
723 82 1005 1069
773 81 839 923
Fig. 10 TEM micrographs of the ST specimen aged at 673 K for 2 h:
(a) bright-ﬁeld micrograph and (b) the SAD pattern with [113]β
zone axis.
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precipitation of detrimental ωiso phase during aging might be
suppressed by severe cold rolling deformation prior to the aging
treatment. Obviously, this issue is of crucial signiﬁcance to
understand the phase transformation behavior of β-type Ti alloys
and develop advanced β-type Ti alloys. Thus, it is necessary to
further investigate this peculiar microstructural evolution asso-
ciated with the inhibition of ωiso in aging.
Fig. 10(a) shows the bright-ﬁeld micrograph of the ST specimen
aged at 673 K for 2 h. It reveals that a lot of nanometer-scale
precipitates with ellipsoidal shape were distributed within β matrix.
These precipitates were recognized as ω phase from the [113]β zone
axis SAD pattern, as shown in Fig. 10(b). In the pattern, additionalreﬂections appeared at 1/3 and 2/3 {112}β positions accompanying β
phase reﬂections, indicating the presence of two kinds of ω variants
[23]. In contrast to the ST specimen aged at 673 K for 2 h, the
microstructure of the CR specimen under the same aging condition is
composed of ﬁne α precipitates and β matrix, without the appearance
of ωiso phase (Fig. 9). This suggests that even without increasing aging
temperature or prolonging aging time, the precipitation of ωiso could be
suppressed by the appropriate pre-treatment prior to aging, i.e. severe
cold rolling deformation.
As is well known, ω phase possesses a different crystal structure
with that of β phase [29]. Thus, it is necessary for the formation of
ω phase to accomplish crystallographic reconstruction from β
lattice to ω lattice. According to the model proposed by Hsiung,
the transition of β to ω is accomplished by shear operations, which
are achieved by the movements of partial 1/3[111] and 1/12[111]
dislocations that are dissociated from the perfect 1/2[111] disloca-
tions [30]. This means that any factors hampering the movement of
dislocation could assist in suppressing the formation of ω phase.
Indeed, it has been reported by Qazi et al. that interstitial oxygen
atoms can hinder the precipitation of ωiso phase by pinning the
dislocations necessary for the formation of ωiso phase in aging
[19]. As a matter of fact, in addition to interstitial oxygen atoms,
the movement of dislocation can be hampered by dislocation
tangles and grain boundaries [31–33]. As shown in Fig. 3, a mass
of dislocations and grain boundaries caused by cold rolling were
observed in the CR specimen. Even upon aging treatment at 673 K
for 2 h, high-density dislocations were still retained and the grains
remained very small in size, as shown in Fig. 9. Consequently, it is
considered that a large number of dislocation tangles and grain
boundaries play a similar role to oxygen atoms in suppressing the
precipitation of ω in aging, because all of them can impede
effectively the movement of dislocation. Whereas in the ST
specimen aged at 673 K for 2 h, no apparent dislocation tangles
were retained in the coarse grain because of the solution treatment
prior to aging. Thus, the movements of 1/3[111] and 1/12[111]
dislocations could be easily achieved and a large number of ωiso
precipitates formed in β matrix, which is shown in Fig. 10.
As mentioned in Section 3.2, α phase of β-type Ti alloys tends
to nucleate preferentially at defects in β matrix, such as dislocation
and grain boundary [22]. As shown in Fig. 3, a large number of
dislocation tangles and grain boundaries were introduced by the
cold rolling deformation prior to aging at 673 K for 2 h. Conse-
quently, the present authors believe that a mass of dislocations and
grain boundaries provide energetic heterogeneous nucleation sites
for α precipitates, favoring the precipitation of ﬁne α in the CR
specimen aged at 673 K for 2 h. Combining the inﬂuence of
dislocations and grain boundaries on the suppression of ω
formation, one can conclude that the dislocations and grain
boundaries play a crucial role in suppression of ωiso phase and
promotion of ﬁne α phase. In such a case, suppression of ωiso
phase and promotion of ﬁne α phase were achieved simultaneously
in the CR specimen aged at 673 K for 2 h, as shown in Fig. 9.
Fig. 12 Tensile stress–strain curve of the CR specimen aged at
748 K for 15 min.
Fig. 13 Bright-ﬁeld micrograph and the corresponding SAD pattern
of the CR specimen aged at 748 K for 15 min.
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strength-to-modulus ratio
It has been established that the elastic modulus of a multi-phase
alloy is closely associated with the modulus and volume fraction
of each component [21]. In the case of metastable β-type Ti alloys
used for replacement implants, α phase has to be conﬁned to low
volume fraction owing to the higher modulus, although the
precipitation of α is beneﬁcial for the strengthening of β-type Ti
alloys [21]. In addition, the content of β-stabilizers in β phase
should be maintained at a relatively low level, because high
β-stabilizer content leads to high modulus of β phase [34–36].
Hence, the precipitation behavior of α as well as the content of
β-stabilizers in residual β phase should be taken into account so as
to gain a combination of high strength and low modulus. In the
present work, the relation between the precipitation of ﬁne α and
mechanical properties of Ti-2524 alloy with respect to a short-time
aging was investigated, in the hope of improving the balance
between high strength and low modulus.
Fig. 11 shows the XRD proﬁle of the CR specimen aged at
748 K for 15 min. Similar to the aging behaviors of CR specimens
aged at 673 K, 723 K and 773 K for 2 h (Fig. 7), α″ martensite
disappeared upon the short-time aging, accompanying the forma-
tion of α. Nevertheless, considerable difference can be distin-
guished from the XRD proﬁles shown in Figs. 7 and 11. In
particular, the intensities of the diffraction peaks ascribed to α
phase for aging at 748 K for 15 min were much weaker than those
for aging at 673 K, 723 K and 773 K for 2 h. This result suggests
that the short-time aging leads to a smaller volume fraction of α
precipitates.
The tensile stress–strain curve of the CR specimen aged at
748 K for 15 min is shown in Fig. 12. Comparing this stress–strain
curve with those of CR specimens aged at 673 K, 723 K and
773 K for 2 h (Fig. 8), it is evident that short-time aging also leads
to linear elasticity deformation during tensile loading. This
suggests that upon short-time aging the β phase is fully stabilized.
The tensile tests indicated that after short-time aging treatment the
yield strength and ultimate strength of the Ti-2524 alloy reach
∼1033 MPa and ∼1113 MPa, respectively, with modulus of
∼65 GPa which is much lower than the moduli for the counterparts
aged for 2 h.
Fig. 13 shows the bright-ﬁeld micrograph and the correspond-
ing SAD pattern of the above short-time aged specimen. Similar to
the CR specimen aged at 673 K for 2 h (Fig. 9), the short-time
aged specimen exhibited a microstructure with small-sized
β grains, dislocation tangles and ﬁne α precipitates distributedFig. 11 XRD proﬁle of the CR specimen aged at 748 K for 15 min.within β matrix. Compared to the microstructure of the CR
specimen aged at 673 K for 2 h, short-time aging gave rise to
ﬁner α precipitates because of the short aging time which limited
the growth of α precipitates. According to the SAD pattern shown
in Fig. 13, ωiso phase was not detected in short-time aged
specimen. As discussed in the above section, this could be
attributed to a mass of dislocation tangles and grain boundaries
caused by cold rolling deformation prior to aging.
In general, long-time aging at elevated temperature could lead
to an enrichment of β-stabilizers in β matrix accompanying the
precipitation and growth of α phase [22]. In order to explicate the
inﬂuence of ﬁne α precipitates on the content of β-stabilizers in β
matrix, EDS scanning was conducted to characterize the composi-
tional change in β matrix and α precipitates in the short-time aged
specimen. The compositional proﬁles for Ti, Nb, Mo and Sn
elements along a horizontal white line across β/α interfaces (see
Fig. 13) is shown in Fig. 14. In the scanning proﬁles, no detectable
compositional change was observed along the line across α
precipitates and β matrix, suggesting that α precipitates possess a
composition identical to that of β matrix. This evidently demon-
strated that in short-time aging no compositional partitioning for
β-stabilizers from α to β matrix takes place during the aging. This
result is in agreement with the recent study in Ti–5Al–5Mo–5V–
3Cr–0.5Fe β titanium alloy by Nag et al. They claimed that during
Fig. 14 Compositional proﬁles of Ti, Nb, Mo and Sn elements along
the horizontal white line across β/α interfaces (see Fig. 13).
Microstructural evolution and mechanical behavior of metastable β-type Ti–25Nb–2Mo–4Sn alloy with high strength and low modulus 181low temperature or short-time aging, initial small-sized α pre-
cipitates could be achieved by displacive transformation mode,
instead of diffusional mechanism [22]. This diffusionless mechan-
ism can be applied to explain the low modulus obtained in the
short-time aged Ti-2524 alloy. During the short-time aging, the
precipitation of ﬁne α did not repulse the β-stabilizers, such as Nb
and Mo elements, into residual β phase, guaranteeing that the β-
stabilizers content in the aged β matrix remains at a low level. It
has been well established that for a certain β-type Ti alloy system,
the β phase containing low content of β-stabilizers tends to
perform low elastic modulus [34–36]. Therefore, it is reasonable
to consider that after short-time aging the β phase still possesses
low content of β-stabilizers, giving rise to its relatively low elastic
modulus. On the other hand, the volume fraction of α precipitates
formed in short-time aging was much lower than that in long-term
aging (Fig. 7). Accordingly, both the low β-stabilizers content in β
matrix and the small volume fraction of α precipitates lead to the
low elastic modulus, ∼65 GPa, of short-time aged CR specimen.
Here, it should be noted that though the precipitation of α in short-
time aging does not stabilize β phase by the repartitioning of β-
stabilizers, upon short-time aging treatment martensitic transformation
was indeed suppressed in cooling and subsequent loading (Figs. 11 and
12). As mentioned above, in addition to increasing of the β-stabilizers
content in β phase, structural factors could play a key role in
suppressing martensitic transformation, for example, grain reﬁnement
and high-density dislocations [9,26,27]. As a matter of fact, a mass of
grain boundaries and high-density dislocations existed in the short-time
aged Ti-2524 alloy (Fig. 13). This can be responsible for the
stabilization of β phase in the short-time aged Ti-2524 alloy. Further,
ﬁne α precipitates as well as the dislocations played a crucial part in
strengthening the short-time aged specimen (Fig. 13), giving rise to its
high yield strength and high ultimate tensile strength.
Strength-to-modulus ratio is frequently used to evaluate the
performance of biomaterials with low Young's modulus and high
strength. The higher the ratio is, the more desirable the material for
implant applications [21]. The Ti-2524 alloy performs higher
strength-to-modulus ratio than those of the current implant
materials, such as the commercial pure Ti, Ti–13Nb–13Zr,
Ti–15Mo and Ti-–35.3Nb–5.1Ta–7.1Zr alloy and so on [27].
Therefore, the Ti-2524 alloy can be a suitable candidate for
biomedical applications from the viewpoint of low modulus and
high strength-to-modulus ratio.4. Conclusions
A systematic study has been made to investigate the microstruc-
tural evolution and mechanical behavior of metastable β-type Ti–
25Nb–2Mo–4Sn alloy with high strength and low modulus, and
corresponding conclusive results are summarized as follows:
(1) Although Ti-2524 alloy in the ST state shows relatively low
strength, it can be signiﬁcantly strengthened by severe cold
rolling due to the interaction between ﬁne α″ martensite and
dislocation tangles induced by the cold rolling deformation.(2) Even under the same aging treatment at 673 K for 2 h, the
aging products of Ti-2524 alloy could be (βþωiso) or
alternatively (βþα), depending on the pre-treatment prior
to aging. This interesting aging response could be attributed
to high-density dislocation tangles and grain boundaries
which hinder the formation of ω, favoring the precipitation
of α phase. Through introducing high-density dislocations
and grain boundaries by cold rolling prior to aging,
suppressing isothermal ω and promoting ﬁne α are achieved
simultaneously on aging.(3) Superior mechanical properties, i.e. high ultimate tensile
strength of ∼1113 MPa and low elastic modulus of ∼65 GPa
were achieved in the Ti-2524 alloy through cold rolling and
short-time aging treatment. The precipitation of ﬁne α by
short-time aging does not cause the enrichment of β-
stabilizers in β matrix, guaranteeing low elastic modulus of
the short-time aged specimen. Meanwhile, ﬁne α precipitates
as well as dislocations play a crucial part in strengthening,
giving rise to its high yield strength and high ultimate tensile
strength.Acknowledgments
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